Abstract. Amidination of aldolase, glyceraldehyde-3-phosphate dehydrogenase, tryptophan synthetase B protein, L-arabinose isomerase, and the catalytic subunit of E. coli aspartate transcarbamylase with the bifunctional reagent dimethyl suberimidate produces cross-linked proteins, with reaction predominating within oligomers. Disc electrophoresis of a modified protein on polyacrylamide gel in the presence of sodium dodecyl sulfate resolves a set of species with molecular weights equal to integral multiples of the protomer molecular weight. For oligomers composed of identical protomers, the number of principal species observed is identical to the number of protomers in the oligomer. Application of the method to two proteins composed of dissimilar protomers, native aspartate transcarbamylase and tryptophan synthetase aZ82 complex of E. coli, revealed differences in the reactivities of the different kinds of protomer within each oligomer.
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Imidoesters are highly specific reagents for amino groups in proteins. They react extensively under mild conditions to yield derivatives with unaltered charge and, therefore, good solubility.
I
For use in the cross-linking of proteins, diimidoesters of various chain lengths can be prepared easily from the corresponding dinitriles.23 Diethyl malonimidate has been used previously to modify bovine serum albumin and human y-globulin with no significant alteration of antigenic activities or electrophoretic mobilities and to cross-link bovine serum albumin and ferritin to human 7--globulin. 4 Dimethyl adipimidate has been used as a probe of the structure of ribonuclease: amidination yields an enzymatically active, monomeric derivative, with intrachain cross-links between the e-amino groups of lysine residues, and a variety of higher molecular weight species formed by intermolecular cross-linking. 8.5 .9 A moderately highpH was chosen in order to favor the amidination reaction over hydrolysis of the diimidoester, since the ratio kamidination/khydrolysis increases considerably with increasing pH over the range pH 7.5 to 10.1' Immediately before use, dimethyl suberimidate was dissolved in the same buffer. In experiments at pH 7.8 and 8.15, when a final dimethyl suberimidate concentration of more than 3 mg/ml was to be used, the pH of the solution was returned to 7.8 or 8.15 by addition of NaOH. Dimethyl suberimidate and protein solutions were mixed to give 0.4-5 mg/ml of protein and 0.8-12 mg/ml of dimethyl suberimidate in a volume of 50-500 ,ul, and the reaction mixture was left at room temperature for at least 3 hr. At pH 8.5, when concentrations of dimethyl suberimidate higher than 3 mg/ml were tried, the protein Qften precipitated. The solutions were used in the next step without dialysis, except that, in some experiments with low concentrations of protein, the reaction mixtures were concentrated before electrophoresis by vacuum dialysis with a Sartorius collodion membrane.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis: A modification of previously described methods was used."1 01 The proteins were denatured for 2 hr at 37°C in 1% sodium dodecyl sulfate and 1% ,3-mercaptoethanol before electrophoresis.
An appropriate amount of solution (typically 20-150 ,ul, containing 20-100 uAg of protein) was mixed with 50 ,ul of 0.01% bromphenol blue in 50% glycerol. In most runs, the gels (7 X 0.6 cm) contained 5% acrylamide, 0.135% methylenebisacrylamide, and running buffer (0.1 M borate, 0.1 M sodium acetate, and 0.1% sodium dodecyl sulfate, pH 8.5) and were polymerized with 0.075% ammonium persulfate and 0.033% N,N,N',N'-tetramethylethylenediamine. For proteins of high molecular weight, such as i-arabinose isomerase, the acrylamide concentration was reduced to 3.5% to increase resolution. Electrophoresis was done at 8 mA/tube. The gels were cut at the dye marker and were stained and destained as described by Weber and Osborn." For densitometer tracings, the gels were placed in a chamber constructed according to the method of Morris12 and scanned directly with a Joyce-Loebl double-beam recording microdensitometer. In the figures, the direction of migration is from top to bottom.
Ultracentrifugation: Experiments were performed at 25°C in a Spinco model E ultracentrifuge equipped with schlieren optics. Proteins were dialyzed at room temperature into the appropriate buffer, allowed to stand at 4°C for at least 12 hr, and analyzed at a rotor speed of 48,000 rpm using a double-sector cell. Sedimentation coefficients were corrected for the density and viscosity of the buffer,'3 with partial specific volumes of 0.73 for L-arabinose isomerase,14 0.725 for tryptophan synthetase A,'5 0.74 for tryptophan synthetase B,16 and a weight average of 0.735 for the tryptophan synthetase complex.
Results and Discussion. In Figures 1 and 2 with respect to the dye is plotted, 10 it is clear that the molecular weights of the covalently linked species produced by cross-linking are multiples of the protomer molecular weights.20 Such a plot is illustrated in Figure 3 for the catalytic subunit of aspartate transcarbamylase. Species having molecular weights higher than that of the oligomeric proteins are also present in the gels in minor amounts. These species are undoubtedly produced by cross-linking between oligomers since, if the reaction is done at a lower protein concentration and an equivalent amount of protein is taken for electrophoresis, there is a reduction in Mobi i1t-y the amount of higher molecular weight species without a corresponding decrease in the amounts of species with molecular weights equal to or lower than that of the oligomer (Fig. 2) . At a lower protein concentration, cross-linking between oligomers becomes less probable, while cross-linking within an oligomer is unaffected. Amidination at reduced protein concentration is thus a test by which cross-linking within an oligomer and cross-linking between oligomers can be distinguished.
Cross-linking was also attempted with L-arabinose isomerase (mol wt 360,00014), which is an oligomeric protein with six identical protomers.2' ID this case, the experimental situation is complicated by the apparent dissociation of the hexamer into smaller units at slightly alkaline pH. Figure 4 illustrates the results of ultracentrifugation in 0.2 M triethanolamine buffers at pH 7.8, 8.15, and 8.5.
At pH 7.8, a single species with 82O ,,= 12.5 S was observed, which is in good agreement with the literature value of 12.6 S for this protein in 0.05 M potassium phosphate, pH 7.6.21 At pH 8.5, an approximately equal amount of a second species with 820, = 7.8 S was also evident. Since the peaks are well resolved, the two forms of the enzyme are not in rapid equilibrium during ultracentrifugation at pH 8 linking is not extensive, the results do indicate that the protein is indeed a hexamer, since six bands are apparent in the gel. It was not possible to achieve more extensive reaction even with dimethyl suberimidate concentrations of more than 12 mg/ml. When cross-linking was done at pH 7.8 and protein concentrations of 4 and 0.4 mg/ml (dimethyl suberimidate at 6 mg/ml), no difference in the relative yields of the three higher molecular weight species was seen, confirming that the pattern illustrated in Figure 5 is produced by cross-linking within oligomers. Ultracentrifugation of L-arabinose isomerase cross-linked at pH 7.8 demonstrated that amidination did not change the sedimentation coefficient.
We have also attempted to cross-link reconstituted tryptophan synthetase complex. The A and B proteins were associated at 370C for 30 min in 0.2 M triethanolamine, pH 8.5 Ca2/2 complex (reported sm.o = 6.4 S24; found, 6.2 S) and excess a subunit (reported s20o = 2.7 S11 24; found, 2.5 S). If cross-linking can occur at random among the protomers of the a2132 complex, amidination may be expected to yield eight well-resolved species. The absence of five of these species is not due to failure of the A and B proteins to reassociate, since the aZ32 species is seen in the ultracentrifuge, nor to failure of the reaction to occur, since f3-f3 cross-links are formed extensively. Therefore, the absence of cross-links involving the a protomers probably reflects the orientation or reactivity of these protomers within the aZj32 complex. The susceptibility of the eamino groups of lysine residues to amidination in each of the two types of protomer of the complex is under study.
In contrast to tryptophan synthetase, cross-linking of native aspartate transcarbamylase of E. coli, another oligomeric protein made up of two different protomers, gives results consistent with extensive reaction among all of the protomers: most of the 18 bands expected from a protein with six catalytic protomers of mol wt 33,000 and six regulatory protomers of mol wt 17,00019 are, in fact, observed. Thus, cross-linking with bifunctional imidoesters may be capable of revealing details of structure or reactivity as well as stoichiometry of oligomeric proteins.
